lithography's requirement for intensive manual labor results in expensive devices and hinders technology dissemination; its limitation to 2D layers restricts the 3D complexity of the structures that can be realized. 3D-printing, in contrast, is a family of automated, assembly-free manufacturing techniques for 3D digital designs that are now increasingly being used for fabricating devices because of their low cost and 3D design efficiency. [2] PDMS has been previously 3D-printed with extrusion-based printers at low resolution and diminished transparency. [3] [4] [5] [6] Several desktop 3D-printers often use photopolymerization-based stereolithographic (SL) approaches in combination with photosensitive acrylate or epoxy resins. [7] Photocurable PDMS has been explored before in photolithography to make 2D structures [8] [9] [10] [11] ; however these resins often use photoinitiators that mostly absorb at shorter UV wavelengths (<365 nm), which are currently unavailable in standard desktop SL-printers. Multiphoton micro-SL and direct laser writing has been used to fabricate high-resolution (≈1-5 µm) 3D structures made of PDMS doped with photoinitiators, [12, 13] but the fabrication rates are very slow and the two-photon laser setups are very expensive. A few commercial elastomeric SL-resins exist for desktop SL-printers (Formlabs Flexible, Stratasys TangoPlus, Spot-A-Elastic, Carbon EPU-40, and SIL), but their proprietary formulations preclude any customization of properties. Recently, some open-source siloxane-based SL-resins with improved elastomeric properties have been developed and used to print pneumatic actuators with digital light processing (DLP) SL. [14, 15] However, none of these commercial or opensource resins have demonstrated the transparency, biocompatibility, and elasticity of Sylgard-184 PDMS, all together. Here, we report the SL 3D-printing of PDMS parts from a methacrylate-based resin that can be photopolymerized with 385 nm UV light. This 3D-printable PDMS (3DP-PDMS) has all the advantageous properties of thermally cured (Sylgard-184) PDMS.
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The advantageous physiochemical properties of poly(dimethylsiloxane) (PDMS) have made it an extremely useful material for prototyping in various technological, scientific, and clinical areas. However, PDMS molding is a manual procedure and requires tedious assembly steps, especially for 3D designs, thereby limiting its access and usability. On the other hand, automated digital manufacturing processes such as stereolithography (SL) enable true 3D design and fabrication. Here the formulation, characterization, and SL application of a 3D-printable PDMS resin (3DP-PDMS) based on commercially available PDMS-methacrylate macromers, a high-efficiency photoinitiator and a high-absorbance photosensitizer, is reported. Using a desktop SL-printer, optically transparent submillimeter structures and microfluidic channels are demonstrated. An optimized blend of PDMS-methacrylate macromers is also used to SL-print structures with mechanical properties similar to conventional thermally cured PDMS (Sylgard-184). Furthermore, it is shown that SL-printed 3DP-PDMS substrates can be rendered suitable for mammalian cell culture. The 3DP-PDMS resin enables assembly-free, automated, digital manufacturing of PDMS, which should facilitate the prototyping of devices for microfluidics, organ-on-chip platforms, soft robotics, flexible electronics, and sensors, among others.
Microfluidics
Poly(dimethylsiloxane) (PDMS) has been widely used for prototyping devices for biomedicine, physics chemistry, and virtually every engineering discipline in the last two decades. [1] The popularity of PDMS can largely be attributed to its attractive material properties-it is transparent, elastomeric, biocompatible, gas-permeable, water-impermeable, and relatively inexpensive. PDMS (Sylgard-184) microdevices have traditionally been fabricated using soft lithography, a technique based on manual procedures consisting of micromolding, alignment and bonding of 2D layers. Soft www.advmat.de www.advancedsciencenews.com
In order to SL-print PDMS devices, we set out to formulate a 3DP-PDMS resin that would be: (a) photopolymerizable with high efficiency at longer UV wavelengths (385-405 nm) available in desktop SL-printers, (b) highly absorbent at the wavelength of the SL-printer, (c) having a low enough viscosity such that uncured resin can be drained from at least millimeter-sized voids/channels, and (d) polymerizable into a material of similar properties as Sylgard-184-i.e., optically transparent, gas-permeable, biocompatible, and highly elastic (can be stretched to more than 100% of its original length without breaking).
Acrylated and methacrylated macromers have been widely used to generate polymers with free radical photopolymerization. [16, 17] We explored the use of two commercially available silicone methacrylate macromers as the starting material for our resin: (1) a single PDMS polymer chain terminated on both ends with methacryloxypropyl groups (henceforth, referred to as 3DP-PDMS-E for endterminal groups) ( Figure S1a , Supporting Information), and (2) a co-polymer of 3-methacryloxypropyl-PDMS and PDMS, which leads to a few reactive methacryloxypropyl groups attached as side-chains along the PDMS-chain (henceforth, referred to as 3DP-PDMS-S, for side-chain groups) ( Figure S1b , Supporting Information). Although macromers can be synthesized with different chain lengths as well as mixed at different percentages, for simplicity we restricted ourselves to commercially available components (Table S1 , Supporting Information).
The photoinitiator for the 3DP-PDMS resin had to satisfy the following criteria: (a) be readily soluble in silicone, (b) absorb strongly at 385 nm (the shortest wavelength UV-LED projector that can be fitted to commercial desktop SL-printers), and (c) be an efficient free radical generator. The requirement of a strong absorbance at 385 nm limited the number of photoinitiator options to several phosphine-oxide derivatives, [18] of which ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate (TPO-L) ( Figure S1c , Supporting Information), a Type I photoinitiator, [18, 19] is the only one that readily dissolves in PDMS. TPO-L is a yellowcolored viscous liquid, but at low concentrations (0.6%) it does not cause any appreciable deterioration to the optical transparency of the liquid PDMS-based resin. However, the transparency of a SL-printed structure also depends on the absence of surface roughness and bulk volume defects. To make transparent prints, we build the structures on a smooth glass slide derivatized with 3-(trimethoxysilyl)propyl methacrylate, as described in our previous work. [20] Using a blend of 3DP-PDMS-S and 0.6% TPO-L, we were able to SL-print completely transparent elastomeric macrostructures (unlike previously reported extrusion-printed translucent PDMS structures [3, 5, 6, 21] ), like cubes, hollow cubes and hollow tetrahedrons (Figure 1a and Movie S1, Supporting Information). Note that the hollow structures are not easily moldable. To quantitatively evaluate transparency, we used a spectrophotometer to compare the transmittance of 4 mm thick rectangular pieces molded with Sylgard-184 and printed with 3DP-PDMS-S. While the freshly printed 3DP-PDMS-S pieces absorbed strongly at wavelengths less than 400 nm, their transmittance improved significantly when extracted with solvents (isopropyl alcohol (IPA) or Dynasolve M10 (M10)) overnight ( Figure 1d ). In the visible spectrum (400-700 nm), the solvent-extracted 3DP-PDMS-S parts matched the transmittance of molded Sylgard-184 pieces, which is also evident when these pieces were placed over printed text and color images (Figure 1e ).
Printing resolution is of critical importance for manufacturing microdevices. Our desktop SL-printer uses a DLP projector to print the features. Printing resolution in DLP-SL www.advmat.de www.advancedsciencenews.com depends on the projected pixel width in XY (in our case, 52 µm), the minimum Z-layer thickness (as given by the Z-motor displacement resolution), the UV exposure conditions, and resin properties like monomer reactivity, optical absorbance, photochemical efficiency, and radical diffusivity. [22] We studied, characterized, and optimized some of these different parameters in order to enhance the resolution of printing, without compromising on the optical clarity of the prints.
Since, irrespective of the macromer composition, the exposure time required for curing each layer (50 µm thick) of 3DP-PDMS is long (several seconds), reaction-diffusion kinetics play a role in the printable XY-resolution of straight lines and gaps. [23] In order to test the actual XY-resolution of printing, we printed 10 sets of 5 lines having the same width and separation distance (for example, 50 µm wide lines separated by a 50 µm gap). The line and gap width of the sets were increased from 50 to 500 µm (1 to 10 pixels), in steps of 50 µm (1 pixel) ( Figure S2a , Supporting Information). The printed 500 and 250 µm wide lines were distinct and separate (representative magnified top and side-view micrographs are shown in Figure S2b -e, Supporting Information), but were ≈15% and ≈50% wider than designed for the 500 and 250 µm lines, respectively. Gaps below 200 µm could not be resolved. However, the borders between individual pixels (inside the DLP, each pixel is represented by a micromirror) can be clearly distinguished at a higher magnification ( Figure S2f , Supporting Information), suggesting that XY resolutions better than 50 µm are possible.
In SL, the effective Z-resolution of a print with overhanging structures is not only constrained by the Z-motor resolution, but also governed by the resin's optical absorbance and photopolymerization kinetics. For example, when the roof of a microfluidic channel is being printed, the light can penetrate into the underlying space, polymerize the resin, and thereby result in an occluded microchannel. Hence the Z-resolution of a microchannel depends on the penetration depth of the specific wavelength of light into the resin. [24] Additives that absorb light without generating free radicals have been used before to increase the absorptivity of other SL-resins. [25, 26] However, many of the additives (e.g., Sudan I) absorb in the visible spectrum and make the prints colored. [25] We use isopropyl-thioxanthone (ITX) (Figure S1d, Supporting Information), which is a light yellow powder that dissolves in PDMS when solubilized first in tetrahydrofuran (THF). ITX has an absorption peak at 385 nm and a molar extinction coefficient of 5155 M −1 cm −1 at 385 nm, which is ≈15× that of TPO-L (343.74 M −1 cm −1 at 385 nm) (Figure 2a) . ITX is a photosensitizer and a Type II photoinitiator. [19] However the ketyl radical photoproduct from ITX has poor reactivity toward acrylates [18] ; therefore, in our resin its main role is to limit the characteristic penetration depth at the wavelength where photopolymerization is triggered.
The characteristic penetration depth of the resin can be obtained from measurements of the cure depth (thickness of polymerized resin) z c , at different exposure times t c , according to the following equation that can be derived from the BeerLambert law (Supporting Information) 
where T 0 is the threshold time needed to cure the resin at maximum intensity and h p is the characteristic penetration depth. [24] By measuring and plotting the cure depths at different exposure times for a particular resin composition (Figure 2b,c) , we analyzed the role played by the photosensitizer (ITX) in reducing the penetration depth. At constant photoinitiator (TPO-L) concentration (0.6% w/w), the penetration depth decreases by ≈35% when ITX concentration is increased from 0% to 0.3%. A further increase of the photoinitiator and photosensitizer concentrations by 66% reduces the penetration depth by another ≈16% (Table S2 , Supporting Information). However, with an increase in the concentrations of the photosensitive components, the prints start getting more whitish www.advmat.de www.advancedsciencenews.com and translucent. Therefore, for all subsequent prints using the 3DP-PDMS-S resin, we used 0.6% TPO-L and 0.3% ITX as the resin's components.
Our next goal was to SL-print microfluidic channels. We first studied the exposures needed to form roofs over channel voids by building test bridge structures (Figure 3a) . We measured the thickness of the roofs from optical micrographs; for example, a 2.0 s exposure produced a ≈330 µm roof (Figure 3a) . To limit the resin in the channel voids from repeated exposure, we first built the walls of the device and then created the roof with a single exposure. To remove the uncured resin from the channels, we vacuum-aspirated the channels to remove excess resin followed by flushing of the channels with Dynasolve M10 and IPA while the entire device was submerged in IPA. This process was done in the dark and was repeated about 5-6 times until the channels were clear. Using these protocols, we were able to SL-print a simple 500 µm wide microfluidic channel featuring three inputs and one output (Figure 3b ). The device was completely transparent as seen from Figure 3b where the channels are filled with aqueous dyes. Figure 3c shows a heterogeneous laminar flow of yellow and blue dyes, both injected at 9 mL h −1 into the device. With rapidly improving projector technology, the total pixel area is expected to decrease ≈8.1-fold in the near future when the HD standard (1280 × 800 pixels, used in this study) is superseded by the 4K standard (3840 × 2160 pixels), which will result in a concomitant improvement in the channel resolution. Low Young's modulus and high elongation-at-break are key properties of thermally cured PDMS that make it an ideal polymer for developing devices with elastomeric sensors such as microneedles for cell traction measurements [27] and actuators for microfluidic automation (valves and pumps). [28] [29] [30] While the 3DP-PDMS-S macromer alone was sufficient for SLprinting macrostructures with low Young's modulus, we had to further optimize the resin formulation to make elastomers with elongation-at-break values similar to thermally cured Sylgard-184.
We were inspired by the crosslinking strategy in thermally cured PDMS (Sylgard-184), where vinyl groups at the terminal ends of a PDMS macromer reacts with the silicon hydride groups present along another PDMS macromer backbone to form a network structure. The stiffness of the final crosslinked polymer is determined by the ratio of the two PDMS macromers. Hence, we explored different ratios of 3DP-PDMS-E and 3DP-PDMS-S ( Figure S1a ,b, Supporting Information), together with different photoinitiator concentrations, to optimize a formulation that can form polymers having Young's modulus (≈1 MPa) and elongation-at-break (≈140%) similar to structures molded with Sylgard-184. Optimal blends of the two macromers resulted in flexible structures that could be bent repeatedly over 180°, twisted, and pulled without breaking (Figure 4a and Movie S2, Supporting Information). We performed classical tensile stress-strain measurements on materials made with different 3DP-PDMS-E:3DP-PDMS-S ratios by weight (henceforth termed E:S ratios) ( Figure S3 , Supporting Information). Representative stress-strain curves for different E:S ratio (4, 7, 9, 11, 14, and 19) resin formulations are shown in Figure 4b . Note that the nonlinear stressstrain behavior, especially at higher strains, is suggestive of the hyper-elastic nature of the material. Normalized to mass, the 3DP-PDMS-S macromer had ≈3.5 times more reactive (methacryloxypropyl) groups than 3DP-PDMS-E (Table S1 , Supporting Information). Consequently, we hypothesize that an increase in E:S ratio lowers the degree of cross-linking in the polymer and increases the chain length between crosslinks. Consistently with this hypothesis, the Young's modulus of 3DP-PDMS decreased with an increase in the E:S ratio, ranging between 937 kPa for E:S = 4 and 520 kPa for E:S = 19 ( Figure 4c) . However, surprisingly, the photoinitiator concentration did not significantly alter the Young's modulus in any of the E:S ratios ( Figure S4 , Supporting Information) but it did affect the elongation-at-break values, specifically for E:S ratios of 14 and 19 ( Figure 4d ). We were able to optimize resins made with E:S ratios of 14 and 19 that yielded elastomers with elongation-at-break (143% and 159%, respectively) greater than Sylgard-184.
The thermal stability of the 3D-printed elastomeric structures is an important consideration for many applications. Since cell-based biomedical devices often require sterilization by autoclaving, we decided to investigate the effect of temperature (120 °C) on the mechanical properties of the 3DP-PDMS structures printed with the Sylgard-184-like E:S blends (as discussed in the previous paragraph). It has been shown before that due to greater degree of crosslinking at elevated temperatures, the Young's modulus of Sylgard-184 PDMS increases by ≈86% and the elongation-at-break decreases by ≈29% when heated to 125 °C. [31] After the printed 3DP-PDMS parts were heated to 120 °C for 12 h, the elongation-at-break decreased by 12.6% and 33.5% for the E:S = 14 and E:S = 19 blends, respectively; however, the decreases were not statistically significant ( Figure S5a, Supporting Information) . Moreover, the Young's modulus also remained statistically unchanged at 120 °C ( Figure S5b The walls (2 mm wide, 2 mm high) are 3D-printed and the intervening areas are exposed with UV for different times. The uncured resin from the voids was later cleared with isopropyl alcohol. b) A microfluidic device with 500 µm wide channels SL-printed with 3DP-PDMS. c) A central stream of yellow dye (9 mL h −1 ) flanked by two streams of blue dye (9 mL h −1 each) produce a heterogeneous laminar flow (9 mL h −1 ) in the 3DP-PDMS microfluidic device.
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The solubility of 3DP-PDMS in organic solvents is a critical factor in determining the solvent(s) used in the postprocessing of 3D-printed devices that contain voids (e.g., channels). The solvent has to be efficient in dissolving and removing uncured resin from channels/voids after printing. In addition, for cellbased applications, the solvent has to permeate the 3D-printed objects and extract the toxic photoinitiator, partially cured macromers and other photopolymerization byproducts from the bulk of the devices. However, if the solvent is too volatile, rapid deswelling can develop mechanical stresses and create cracks in the printed devices when the solvent is removed or exchanged. Therefore, we conducted a systematic study to characterize the swelling of 3DP-PDMS-S parts and dissolution of unbound photopolymerization byproducts in different organic solvents ( Figure S6a, Supporting Information) . Briefly, we measured the volumetric and mass change of photopolymerized 3DP-PDMS-S cubes after being immersed in different solvents for 24 h. In a scatter plot, we plotted the swelling ratio (ΔV = (V f −V i )/V i ) and the mass loss (ΔM = − (M f − M i )/M i ) for each solvent ( Figure S6b , Supporting Information). The 3DP-PDMS-S cubes swelled significantly more in hexane (72%), THF (68%), and the volatile methylsiloxanes OS-20 and OS-10 (64%), than in acetone (13%) and IPA (11%). However, the mass loss, which presumably comes from the dissolution of unbound polymerization byproducts, was very similar (≈10-13%) for all the solvents except water. Therefore, for the purpose of dissolution of unbound byproducts (at least when dissolved over long periods of time), the higher swelling solvents did not provide a significant advantage over the low swelling solvents like acetone and IPA.
High gas permeability of PDMS is important in cell-based biomicrofluidic operations, and therefore, we sought to compare the oxygen permeability of our 3DP-PDMS resin to the conventional thermally cured Sylgard-184 PDMS ( Figure S7 , Supporting Information). We used an oxygen sensitive fluorophore, platinum(II) octaethylporphyrinketone, [32] to compare the rate of oxygen diffusion into a sealed chamber through a 250 µm membrane of commercial PDMS (BISCO HT-6240) and 3DP-PDMS-S ( Figure S7a ,b, Supporting Information). As the chamber is allowed to equilibrate to atmosphere from vacuum, the rate of fluorescence quenching is directly proportional to the flux of oxygen diffusing through the membrane ( Figure S7c , Supporting Information). We found that the rate of fluorescent quenching after equilibration of HT-6240 and 3DP-PDMS-S membrane-covered chambers were −32.82 and −29.86 s −1 , respectively, showing that they were similarly permeable to gases ( Figure S7c , Supporting Information).
Cell-based applications warrant a stringent biocompatibility standard for SL-printed devices. The toxic photopolymerization byproducts as well as unreacted compounds that remain in the bulk of the SL-printed structures need to be extracted and removed from the devices before they are used for cell culture. Serial extraction with a number of organic solvents (e.g., xylenes, ethanol) has been previously reported to make Sylgard-184 PDMS-molded devices cytocompatible. [33] We performed a serial extraction of SL-printed 3DP-PDMS-S petri dishes (Figure 5a,b) with the following solvents: xylene isomers (12 h), 1:1 xylene:IPA (8 h), IPA (16 h), followed by deionized water (8 h). The extracted petri dishes were then heated at 120 °C for 12 h (to remove any residual volatile components) and www.advmat.de www.advancedsciencenews.com UV-treated for 2 h (to completely cure and sterilize). We cultured Chinese hamster ovary (CHO-K1) cells (a mammalian cell line used extensively in biotechnology) onto extracted and unextracted 3DP-PDMS-S dishes, as well as molded-PDMS (Sylgard-184, autoclaved) control dishes. Cells grown on solventextracted 3DP-PDMS-S dishes were morphologically indistinguishable from those cultured on Sylgard-184 dishes (Figure 5c ), and showed excellent viability, statistically similar to Sylgard-184 dishes (p > 0.1, using Student's t-test) (Figure 5d ). However, the unextracted 3DP-PDMS-S dishes showed a drastic, statistically significant (p < 0.01, using Student's t-test), reduction (82%) in live cells (Figure 5e ), which proves that solvent extraction is an essential step for making SL-printed devices cytocompatible. The serial extraction protocol has not been optimized and shorter incubation times might be sufficient to completely remove the residual toxic components from the 3DP-PDMS-S dishes. Furthermore, the complexity, total volume and surface-to-volume ratio of the SL-printed devices might play a role in the time required for complete extraction. A viability assay performed every 24 h for 3 d showed statistically insignificant difference (p > 0.1, using Student's t-test) in the total number of live cells between solvent-extracted 3DP-PDMS-S and Sylgard-184 dishes (Figure 5f ). Therefore, the solvent-extracted 3DP-PDMS-S dishes can support long-term growth, proliferation, and viability of mammalian cells.
We have developed and demonstrated the use of an SL-printable resin for manufacturing elastomeric parts having physical, optical, and mechanical properties similar to the conventional thermally cured elastomeric PDMS. For comparison purposes, we provide a table summarizing the properties of commercial and previously reported elastomeric SL-resins (Table S3 , Supporting Information). We envision that the progress made in SL-printed PDMS microdevices reported here, in combination with a new generation of higher-resolution SL-printers, will soon pave the way toward digital manufacturing of cytocompatible microfluidic systems featuring elastomeric actuators and other advanced functionalities.
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